Since the discovery that many transcriptional enhancers are transcribed into long noncoding RNAs termed "enhancer RNAs" (eRNAs), their putative role in enhancer function has been debated. Very recent evidence has indicted that some eRNAs play a role in initiating or activating transcription, possibly by helping recruit and/or stabilize binding of the general transcription machinery to the proximal promoter of their target genes. The distal enhancer of the gonadotropin hormone α-subunit gene, chorionic gonadotropin alpha (Cga), is responsible for Cga cell-specific expression in gonadotropes and thyrotropes, and we show here that it encodes two bidirectional nonpolyadenylated RNAs whose levels are increased somewhat by exposure to gonadotropin-releasing hormone but are not necessarily linked to Cga transcriptional activity. Knockdown of the more distal eRNA led to a drop in Cga mRNA levels, initially without effect on the forward eRNA levels. With time, however, the repression on the Cga increased, and the forward eRNA levels were suppressed also. We demonstrate that the interaction of the enhancer with the promoter is lost after eRNA knockdown. Dramatic changes also were seen in the chromatin, with an increase in total histone H3 occupancy throughout this region and a virtual loss of histone H3 Lys 4 trimethylation at the promoter following the eRNA knockdown. Moreover, histone H3 Lys 27 (H3K27) acetylation, which was found at both enhancer and promoter in wild-type cells, appeared to have been replaced by H3K27 trimethylation at the enhancer. Thus, the Cga eRNA mediates the physical interaction between these genomic regions and determines the chromatin structure of the proximal promoter to allow gene expression.
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enhancer | chromatin | ncRNA | gonadotropin | pituitary T ranscriptional enhancers comprise regions of DNA that act in cis to increase basal transcription by elevating promoter activity and often facilitate or determine the gene's cell-specific expression. Their function is characteristically location and direction independent because of DNA looping between the enhancer and promoter of the target gene. It has long been proposed that the activity of enhancers is via sequence-specific DNAbinding proteins, often lineage-determining transcription factors, which interact with and stabilize the general transcription machinery to facilitate cell-specific gene expression (1) . However, additional possibilities for enhancer function have arisen since the discovery that these regions often are transcribed to long noncoding RNAs (lncRNAs) or enhancer RNAs (eRNAs), many of whose levels correlate with those of their target genes (2) (3) (4) (5) . eRNAs are usually 800-to 2,000-bp long and have some distinctive characteristics; e.g., many of them are transcribed bidirectionally on both DNA strands from a central nontranscribed region, and they often lack polyadenylated [poly(A)] tails (2) (3) (4) (5) (6) .
Since their initial identification and characterization as being commonly expressed (2, 3, 5, 6) , it has been debated whether eRNAs play a role in transcriptional activation or are consequential, perhaps a by-product of the enhancer's proximity with active promoters, resulting in the association of RNA polymerase II and thus also their transcription (7-9). However, recent evidence showing that knockdown of specific eRNAs resulted in reduced expression of their target genes supports a functional role for these RNAs in transcription (e.g., refs. 10-13), although the mechanisms through which eRNAs operate remain unclear.
The gene encoding the common α-subunit chorionic gonadotropin alpha (Cga) of the pituitary gonadotropins (luteinizing and follicle-stimulating hormones) and thyroid-stimulating hormone was reported to contain an enhancer located −4.6 to −3.7 kbp upstream of the transcriptional start site (TSS). This enhancer was shown to play a crucial role in the cell-specific expression of the gene in gonadotropes and thyrotropes in transgenic mice and was seen to increase the activity of the proximal promoter in pituitary cells (14, 15) . In the current study we characterized this enhancer region and the eRNA that is expressed and show that it plays a major role in directing the activity of the proximal promoter through histone modifications, chromatin remodeling, and DNA looping.
Results
The Cga Enhancer Is Transcribed to Two Bidirectional eRNAs Whose Levels Increase Following GnRH Treatment but Are Not Intrinsically Linked to Cga Transcriptional Activity. Based on the previous report of the functional Cga enhancer, we sought first to determine whether RNA is transcribed from this region. Using quantitative PCR (qPCR) on DNase-treated reverse-transcribed RNA from a gonadotrope cell line, we amplified fragments between −5300 and −3872 bp upstream of the Cga TSS, which includes most of the reported enhancer. RNA transcribed from the region further upstream, between −6309 and −5630 bp, also was amplified successfully and was expressed at a higher level than at the more proximal
Significance
Much of the mammalian genome recently was shown to be transcribed to long noncoding RNAs, one class of which is the enhancer RNAs (eRNAs) whose levels largely correlate with the mRNA levels of the target gene but whose functions are not yet clear. We examined the eRNA produced from a functional enhancer that directs cell-specific expression of the gonadotropin hormone α-subunit gene, chorionic gonadotropin alpha, in the pituitary. We show that this eRNA plays a crucial role in facilitating DNA looping between the enhancer and promoter and directs histone modifications that are essential for transcription initiation and without which the chromatin becomes repressive to transcription. In this way, the eRNA mediates the function of the enhancer in directing basal gene expression. region (Fig. 1A) . However, RNA was barely detected using primers targeting or spanning the region −5616 to −5377. To confirm the start and termination sites of these RNAs (hereafter, "eRNAopposite" and "eRNA-forward," respectively) and also their directionality, 5′ and 3′ RACE reactions were performed. These reactions revealed that the RNAs are transcribed bidirectionally from opposite strands starting at −5377 for the eRNA-forward and at −5616 for the eRNA-opposite. These RNAs could not be amplified from poly(A) RNA. Northern analysis using a labeled probe from the region encoding the eRNA-opposite confirmed the presence of a single-sized RNA containing this sequence (Fig. 1B) .
Because enhancers characteristically carry H3K4 monomethylation (H3K4me1), we performed ChIP for this modification and found it substantially enriched between −4559 and −4460 bp upstream of the Cga TSS. ChIP also was carried out in cells treated with gonadotropin-releasing hormone (GnRH), which is the primary regulator of Cga expression in the gonadotropes; however, H3K4me1 levels were not affected by the treatment (Fig. 1C) .
We looked for binding of various gene-specific transcription factors to this region and found that paired-like homeodomain 1 (Pitx1), which is required for expression of the Cga gene (16) , has four putative binding motifs that match those of various Pitx-1-bound enhancers [T/CTAAT/GCC (17) at −6186, −5604, −4218, and −4168 bp], as well as an additional sequence (CAATCC at −4650 bp) matching a functional Pitx1-binding site on the luteinizing hormone beta (Lhb) gene promoter (16) . ChIP analysis after overexpression of HA-Pitx1 or FLAG-Pitx1 (ChIP-grade Pitx1 antibodies were not available) revealed that Pitx1 is detected at similar levels at the region of the enhancer marked by H3K4me1 and at the proximal promoter (Fig. 1D) . To test Pitx1 functionality, we transiently transfected shRNAs targeting Pitx1, which, although reducing Pitx1 mRNA levels by only ∼30%, caused a similar reduction (30-40%) in the levels of Cga mRNA and the eRNAs, without affecting the control (Fig. S1) .
Treatment of the gonadotrope cells with GnRH leads to an increase in Cga mRNA levels and also slightly increased the levels of the eRNAs (Fig. 1E ). However, forskolin, which activates Cga expression more strongly, did not affect the eRNA levels (Fig. 1F) . Thus, the transcription of the eRNAs is not necessarily linked to that of Cga, nor is it triggered by activity of the promoter, although it is possible that forskolin-activated Cga transcription involves the activation of other enhancers at distinct genomic loci.
Stable Transfection of shRNA Targeting the eRNA-Opposite Reduces Cga Expression, and This Effect both Intensifies and Spreads. To determine whether these eRNAs have a function in Cga transcription, we attempted to knock down and/or abrogate their effects by stably transfecting various constructs encoding different shRNAs designed to target them. Most of the constructs led to a 60-80% drop in the level of the specific eRNA and to a 40-80% drop in Cga mRNA levels (Fig. S2) . Notably, sequences targeting the eRNA-forward also appeared to alter eRNA-opposite levels, suggesting either nonspecific effects or possibly a functional dependence of its transcription on the eRNA-forward. Conversely, a sequence (sh632) targeting the 3′ end of the eRNA-opposite increased levels of the 5′ end of this eRNA and also of the eRNAforward; this increase also could be caused by nonspecific targeting or might indicate an effect in stabilizing the eRNAs. In contrast, the effects of targeting the eRNA-opposite at its 5′ end (sh120) appeared to be specific ( Fig. 2A ) and, at least initially, did not affect the levels of the eRNA-forward, so these clones were chosen for further study.
With prolonged culture of these shRNA clones, the repressive effect on Cga increased progressively, with mRNA levels reaching less than 5% those in WT cells at 20 wk, whereas Gapdh levels remained unaltered (Fig. 2B) . We have not seen this progressive effect with similar long-term shRNA-targeted knockdown of other genes (e.g., Fig. S3 ). At 14 wk, the Cga mRNA and eRNAopposite levels were reduced significantly in the shRNA cells, and so were those of the eRNA-forward, but the mRNA levels of various other genes were not similarly affected (Fig. 2C ). Despite this major drop in basal Cga expression, the transcript still was elevated by GnRH treatment at 24 wk, although the eRNA levels no longer increased (Fig. 2D ). Thus, with time, the effect of the shRNA on the eRNA-opposite and the Cga mRNA levels had intensified and also appeared to have spread along the chromatin to affect expression of the eRNA-forward as well. Fig. 1 . The Cga enhancer is transcribed to two bidirectional eRNAs, whose levels increase after GnRH treatment but that are not intrinsically linked to Cga transcriptional activity. (A) Total RNA from αT3-1 cells was reversetranscribed with random primers before qPCR, using the primer sets shown. RNA levels were quantitated using a standard curve of sonicated DNA normalized with Gapdh mRNA and presented relative to the highest levels. Data are shown as mean ± SEM, n = 4-6. Also shown is the average transcript ratio for the opposite and forward eRNAs (n = 17 or 21; ***P < 0.0001). The 5′ and 3′ RACE reactions confirmed the eRNA start and termination sites and their bidirectionality. (B) Northern analysis was carried out on total RNA from αT3-1 cells, using digoxigenin (DIG)-labeled eRNA (−6000 to −5630) as a probe. (C ) ChIP for H3K4me1 was performed in untreated and GnRH-treated (100 nM, 2 h) αT3-1 cells. Immunoprecipitated DNA was measured by qPCR, and data are presented relative to levels in the input. Negative and positive controls are regions upstream of the Lhβ gene; the latter is an enhancer. Data are shown as mean ± SEM, n = 3-6. A Student's t test comparing levels of each fragment in treated and untreated cells did not detect significant differences (P > 0.05). (D) After overexpression of HA-Pitx1, ChIP was performed using HA-antisera, and data were analyzed and presented similarly, but are shown relative to the highest levels, with Crystallin as a negative control and the Cga promoter as a positive control. Data are shown as mean ± SEM, n = 3-4. ANOVA followed by a Bonferroni t test revealed statistically different means (P < 0.05) designated by the letters "A" and "B"; bars with the same letter are similar (P > 0.05). (E and F) Cga mRNA and eRNA levels in untreated cells or in GnRH-treated (100 nM, 8 h) or forskolin-treated (10 μM, 4 h) cells were measured by qPCR, normalized to Gapdh mRNA, calibrated according to standard curves from cDNA samples for Cga and Gapdh or sonicated genomic DNA for the eRNAs, and are shown relative to levels in untreated cells. Data are shown as mean ± SEM, n = 3-6. **P < 0.01; ***P < 0.001; NS, P > 0.05, Student's t test as in C.
H3K4me1, Histone H3 Lys9 Trimethylation, and the Distal CpG Island Are Unaffected by the eRNA Knockdown, but Association of the Chromatin Remodeling Factor CHD1 with the Promoter Is Reduced. Having established that the repressive effect of the eRNA knockdown intensified and spread, we considered whether the eRNA might be involved in directing epigenetic modifications. We first looked at the level of H3K4me1 at the enhancer and found that it was no different in the shRNA cells than in WT cells at 8 wk after the knockdown (Fig. 3A) . Such a lack of correlation between H3K4me1 levels and enhancer activity has been reported before (18, 19) .
Next we examined the association of the chromatin remodeling factor, chromodomain-helicase-DNA-binding protein 1 (CHD1), with the enhancer and found that at 16 wk after eRNA knockdown its levels were reduced at the distal region of the enhancer, at its untranscribed central region, and just upstream of the Cga proximal promoter (Fig. 3B) . CHD1 allows promoter clearance of RNA polymerase II (RNAPII); however, its levels vary, being higher on processively transcribed genes than on stalled genes; it is also enriched at the 5′ ends of transcribed regions and throughout the distal regions, where it blocks cryptic transcription by suppressing nucleosome turnover (20) . These distinct functions of CHD1 could explain its differing levels, although there may be another active chromatin locus that accounts for its high levels at the distal end of the enhancer (Discussion). In any case, the ability of the shRNA to reduce CHD1 levels at the enhancer and promoter regions indicates that the eRNA is able to mediate protein recruitment or binding at both genomic locations.
Given the major decrease in expression levels of the Cga mRNA and the eRNAs that occurred over time, we next looked at H3K9me3 and DNA methylation, which are both marks of silenced genes. H3K9me3 was seen to be enriched at the 3′ ends of both transcribed regions of the enhancer in WT cells, but at 20 wk this modification appeared largely unaffected by the eRNA knockdown (Fig. 3C) . Just upstream of the distal-most region encoding the eRNA opposite, at −7175 to −6672 bp, there is a CpG island (CpGI) which was analyzed in WT and long-term (25 wk) eRNA-knockdown cells for DNA methylation. Bisulfite conversion and sequencing of 12 cloned amplicons from each cell type revealed that this region is completely unmethylated in both cell types (Fig. 3D) .
Interaction of the Distal Enhancer with the Proximal Promoter of the
Cga Gene Is Dependent on the eRNA. Given that the eRNA is required for transcription of the Cga and that its knockdown reduced the association of CHD1 with the proximal promoter, we went on to check whether the eRNA might be involved in the physical interaction between the enhancer and proximal promoter regions. We carried out chromatin confirmation capture (3C) assays in untreated WT cells, in cells treated with GnRH for 2 h, and in the eRNA-knockdown cells at 36 wk. In untreated WT cells, the proximal region was found in close physical proximity to three regions of the distal enhancer (−6.7 to −6.58; −5.3 to −5.15; and −4.9 to −4.85 kbp); these interactions and an additional region (−4.85 to −4.5 kbp) also were apparent in the GnRH-treated cells (Fig. 4A) . Strikingly, however, these interactions were not seen in the eRNA-knockdown cells (Fig. 4B) , although the interaction between a distal region and the proximal promoter of a control After selection, RNA levels were assessed by qPCR and are shown normalized to Gapdh, relative to levels in WT cells. Data are shown as mean ± SEM, n = 3-5; ***P < 0.001. (B) These shRNA clones then were analyzed over 20 wk, and Cga mRNA levels were assessed and are presented similarly; also shown are mRNA levels of Gapdh at 20 wk. n = 3-6. (C) At 14 wk, the expression levels of other genes were measured also. mRNA levels of Rplp0 (ribosomal protein, large, P0), Actin, and Gapdh are presented as a ratio to their levels in WT cells; all others were normalized to Rplp0. n = 2-5. ***P < 0.001, adjusted t-test comparing each RNA in shRNA cells with its level in WT cells. For all others, P > 0.05. (D) At 24 wk the GnRH responsiveness of the Cga mRNA and eRNAs was reevaluated in WT and shRNA cells, as in Fig. 1E , and values are presented relative to levels in untreated WT cells. Data are shown as mean ± SEM, n = 3. *P < 0.05; **P < 0.01; NS, P > 0.05, t-test compared with levels in treated and untreated cells for each cell line. Fig. 3 . H3K4me1, H3K9me3, and the distal CpGI are unaffected by the eRNA knockdown, but the association of CHD1 with the promoter is reduced. ChIP for H3K4me1 (A), CHD1 (B), and H3K9me3 (C) was carried out in WT and eRNAknockdown cells (after 8, 16, or 20 wk, respectively), using the sets of primers shown. The levels of IP DNA are presented relative to the levels in input samples. Negative and positive controls were the upstream region of Lhβ (as in Fig. 1C ) and the Tet1 enhancer in A; Crystallin and Gtpbp in B; and Gapdh and Major satellites in C. Data are shown as mean ± SEM, n = 2-6. All means are similar (P > 0.05) for WT and shRNA cells at the same genomic location, except for those marked by a single asterisk in B, in which P < 0.05. (D) The CpGI found immediately upstream of the enhancer (−6672 to −7175) was examined in WT and eRNA-knockdown cells at 25 wk by bisulfite conversion and sequencing of 12 cloned amplicons. Filled circles represent methylated/unconverted cytosines.
gene, follicle-stimulating hormone beta (Fshβ) still was observed (Fig. 4C) . qPCR analysis confirmed the interaction of the distal enhancer regions (−6.7 to −6.58 and −4.9 to −4.85 kbp) with the proximal Cga promoter in both the treated and untreated cells and, with greater frequency, in WT and eRNA-knockdown cells after normalization to the relative levels of the Fshβ chimeric fragment (Fig. 4 A and D) .
Knockdown of the eRNA Induces Major Changes in Histone H3 Lys 4 Trimethylation and at H3K27, Converting the Chromatin at both the Enhancer and the Proximal Promoter from an Active to a Repressed State. To understand the impact of the loss of DNA looping on the Cga promoter, we examined the effect of long-term eRNA knockdown on additional histone modifications at both regions. We first saw that the eRNA knockdown (at 11 and 36-38 wk) led to an increase in H3 association throughout the enhancer, but the effect at the Cga promoter was even more pronounced ( Fig. 5A  and Fig. S4A ). We next examined levels of histone H3 Lys 4 trimethylation (H3K4me3), which is characteristically bound at active promoters; at 36-38 wk we found very high levels of this modification at the distal end of the enhancer, but its levels were reduced dramatically at both enhancer and promoter regions in the eRNAknockdown cells (Fig. 5 B and C) . Such a reduction is not characteristic of other genes whose expression we have targeted through similar long-term stable transfection of shRNA (e.g., Fig. S5 ).
H3K27 is characteristically acetylated at active enhancers, and ChIP revealed that it is found at high levels throughout the enhancer region. Notably, in eRNA-knockdown cells this modification was reduced dramatically, at both the enhancer and promoter (Fig. 5D and Fig. S4B ). Moreover, ChIP for the repressive H3K27me3 revealed that this modification was elevated throughout the enhancer region in the eRNA-knockdown cells but was barely detectable in the WT cells, except in one region where histone H3 Lys 27 acetylation (H3K27ac) was absent and histone H3 Lys 9 trimethylation (H3K9me3) also was found (Fig. 5E and Fig. S4C ). These results indicate that the eRNA either facilitates or protects H3K27ac at the enhancer, without which it can be methylated to repress further the eRNA and thus also Cga expression.
Discussion
Our study indicates that eRNA transcribed from the Cga enhancer plays a crucial role in transcription of this gene. It facilitates the chromatin modifications that keep the proximal promoter, as well as the enhancer itself, in an active state, likely by promoting or stabilizing the interaction between these two regions. Our findings are in line with other recent studies showing a function for eRNAs (10-12, 21, 22) , although we believe that ours is the first to show such an impact of the eRNA specifically on the chromatin at its target.
Characteristic of enhancer chromatin, the central region of the Cga enhancer contains high levels of H3K4me1 along with relatively low levels of H3K4me3 (23, 24) . Only a single peak of H3K4me1 was observed; a single peak is less typical than a bimodal monomethylation peak but has been reported previously (5, 19, 23, 25) . Notably, H3K4me3 was found at higher levels at the most distal end of the enhancer than at the Cga promoter, partly reflecting nucleosome depletion at this promoter and possibly also reflecting distinct patterns of polymerase pausing and transcriptional consistency (26) . We have already reported that, although seemingly low, the level of H3K4me3 at the Cga promoter in these cells is greater than at the repressed gonadotropin β-subunit genes and appears to be significant in activating Cga expression (27) . The major distal H3K4me3 peak also is seen in ENCODE data from non-Cga-expressing cell lines, spanning ∼1 kbp and peaking in the center of the CpGI. Moreover Cap analysis gene expression (CAGE) data, which do not include gonadotrope-specific events, indicate that the 5′ end of the CpGI is transcribed from the +strand (but is unlikely protein coding), whereas a hypothetical gene (AK039341) was reported for a more extensive region (−7069 to −3875 bp); this mRNA apparently was isolated from brain and spinal cord, although it is termed a "noncoding RNA" (28) . However, we were unable to amplify fragments spanning the central region (−5.6 to −5.3 kbp) of the enhancer, detected only a single ∼1-kbp fragment in northern analysis using an eRNA-opposite probe, and could not amplify the eRNAs from poly(A) RNA. Moreover, RACE reactions showed clearly that the eRNAs are transcribed from different strands. Thus, we are confident that the Cga eRNA is distinct from these putative noncoding RNAs; however, there does appear to be a locus of active chromatin upstream of the enhancer that is not gonadotrope specific and likely is reflected in some of the chromatin marks observed. Therefore although we cannot rule out the possibility that some of the effects seen might be caused by changes in the expression of such a putative ncRNA, this possibility does not detract from the fact that the knockdown of the eRNA changes the chromatin structure in this entire region and also blocks Cga transcription.
Our study indicates that the eRNA facilitates DNA looping between the enhancer and the Cga promoter. eRNAs and other lncRNAs have been implicated in DNA looping and specifically in enhancer-promoter interactions, which were seen to correlate with the levels of eRNA and target gene expression (29) . Knockdown of several estrogen receptor alpha (ERα)-activated eRNAs was seen to diminish the enhancer-promoter looping initiated by ERα, and it was proposed that estrogen alters these interactions via the eRNAs (10). However, another study on the same cell lines reported that the looping was unaffected by flavopiridol, which effectively blocked eRNA transcription (30) . Also the androgen receptor (AR)-activated eRNA kallikrein-3e (KLK3e) mediates interaction of this enhancer with the target kallikrein-2 (KLK2) gene promoter (13) . Such a role for eRNAs is supported by the finding that some eRNAs interact with components of the cohesion complex that regulate enhancer-promoter interactions in stem cells (10, 31) . In addition, eRNAs and lncRNAs have been reported to interact with the Mediator complex, which also plays a role in looping, whereas the enhancer-like lncRNA HOTTIP interacts with WDR5, a component of Set1/MLL complexes that trimethylate H3K4me at gene promoters (21, 32) .
Disruption of the enhancer-promoter interaction following eRNA knockdown appeared to have a major and progressive effect on the chromatin at both loci, leading to the repression of the Cga promoter and the entire distal region, even though only the eRNAopposite was targeted. The DNA looping was only assessed at 36 wk, but the changes in K27ac, K27me3, and total H3 already were seen when first measured at 11 wk and were still present at 36-38 wk when H3K4me3 levels also were greatly reduced. H3K4me1, H3K9me3, and CpGI methylation appeared unchanged at 8, 20, and 25 wk, respectively, but were not examined at later time points. Notably, poised enhancers are activated in ES cells through H3K27ac, which replaces the methylation that likely had protected them from histone acetyl transferase (HAT) activity (18, 19, 24) . It was suggested that the K27ac then prevents the subsequent spreading of K27me to active sites, which occurs rapidly after HAT inactivation (33) . Acetylation of H3K27 at the Cga enhancer is thus likely a crucial step in keeping the enhancer active, possibly as a result of the interaction with modifying enzymes at the proximal promoter, which is lost after removal of the eRNA. Although the H3K27ac likely is catalyzed by locally bound HATs, which are commonly found at enhancers (23, 34) , the eRNA-mediated interaction with the proximal promoter may be required for the stable binding of these HATs and/or to prevent access to histone deacetylases.
We have considered that the effects of the eRNA knockdown on the chromatin might be caused by the shRNA recruiting the RNAi machinery to this locus rather than by the lack of eRNA per se (35) . However, we consider this possibility unlikely, because we do not see escalating repression following similar stable knockdown of other genes (e.g., Fig. S3 ), changes in H3K4me3 levels are not seen at 5′ targeted loci of other genes knocked down in this way (e.g., Fig. S5 ), and Argonaute (Ago) proteins do not appear to accumulate at the enhancer in the eRNA-knockdown cells (Fig. S6) . Moreover mechanisms describing siRNAinduced heterochromatin implicate central roles for H3K9 and DNA methylation (36) , and these modifications were not altered at a time when both the Cga mRNA and H3K27ac levels had already dropped dramatically, the chromatin was compacted, and H3K27me3 levels had increased.
Roles for eRNAs in modifying chromatin structure and/or the transcription initiation complex at the promoter of the target gene have been indicated, albeit to a lesser extent, in a number of recent studies. Knockdown of eRNAs in the myogenic gene regulatory network led to a decrease in chromatin accessibility at the target genes and reduced RNAPII occupancy (11), whereas ncRNA-a was shown to regulate the S10 kinase activity of the Mediator complex in HEK293 cells (21) . In contrast, at hormone-inducible ERα-activated enhancers, eRNA depletion did not affect total H3K4me1, H3K27ac, or RNAPII levels (10, 30) , although transfections were only transient and histone modifications at the target gene promoters were not reported. Notably, however, levels of RNAPII S5p were reduced at the ARactivated KLK2 gene promoter following KLK3e knockdown and dihydrotestosterone treatment (13) .
The Cga enhancer was reported to facilitate basal and tissuespecific Cga expression, although its mechanisms of action were not elucidated (14, 15) . Although there is some correlation between eRNA levels and the activity of the Cga proximal promoter, these two events are not tightly coupled, and the eRNA does not appear to mediate GnRH-induced Cga expression; however, in agreement with the functional studies, it is required for basal expression. The presence of Pitx1 at the enhancer and the effects of its partial knockdown suggest that this lineage-specific transcription factor may play a role in directing eRNA transcription, in line with the importance of Pitx1/2 in the development of the gonadotrope cell lineage (37, 38) . Interestingly, we previously showed that Pitx1 can homodimerize and that, when bound to more than one response element on different parts of the Lhβ gene, it induces bending in the DNA (39) . Other studies have reported that Pitx1 is associated with various enhancers of limb genes, being especially enriched on those carrying H3K27ac, and it was suggested that Pitx1 influences limb morphogenesis through activating hindlimb-specific enhancers (17) . Such a role for lineagespecific factors could allow the regulation of enhancers during development and their ability to determine cell identity by providing control of gene expression in a tissue-specific manner (40) .
The current study demonstrates the ability of a noncoding eRNA to alter the chromatin structure at its target gene, involving looping of the DNA, and in this case it promotes or protects the euchromatic state to allow basal gene expression. The eRNA in this study did not appear to mediate GnRH-induced Cga expression, and a picture is emerging of different classes of enhancers and eRNAs with distinct functions: Some, as in the current study, appear to determine cell-specific expression and cell lineage (e.g., 18, 40, 41) , whereas others mediate the effects of specific stimuli such as hormones (e.g., 5, 10, 13, 30). Additional complexity has been suggested in which certain genes can use various enhancers through different stages of development and in different tissues, both to fine-tune levels of protein activity and to endow an element of tissue-specific control (18, 24, (40) (41) (42) . Our findings, together with mounting evidence from other studies, suggest that eRNAs comprise a pivotal element in determining the chromatin architecture at their target gene, although they may use various modes of action under different conditions to modify both basal levels of expression and response to stimuli in distinct gene, and possibly cellular, contexts.
Experimental Procedures
For further details, see SI Experimental Procedures.
Cell Culture, Plasmid Constructs, and Transfections. Murine gonadotropederived αT3-1 cells were cultured and transfected as described (43) , and some were treated with GnRH (100 nM) or forskolin (10 μM; Sigma). HA-and FLAGPitx1 expression constructs have been reported previously (44) . Pitx1 knockdown for 48 h used shRNA cloned into pSUPER-basic, and stable knockdown was achieved via pSR-GFP/neo plasmid (both from OligoEngine) expressing the shRNA (Table S1 ); clones were selected using G418 as in ref. 27 .
Characterization of eRNAs and mRNA Levels by Real-Time PCR, RACE, and Northern Analysis. Total RNA was extracted using TRIzol (Ambion) and was treated with DNase and reverse-transcribed with random hexamers (Applied Biosystems) for qPCR using gene-specific primers (Table S2 and Fig. S7 ), Absolute Blue SYBRGreen ROX Mix (Thermo Fisher), and the Illumina Eco Real-Time PCR as reported in ref. 43 . Amplicon levels were quantitated relative to standard curves comprising cDNA or genomic DNA and were normalized to Gapdh mRNA. The 5′ and 3′ ends of the eRNAs were identified using nested genespecific primers (Table S2) and SMARTer RACE cDNA amplification (Clontech) after poly(A) tailing and sequencing of the amplicons. Northern analysis was carried out according to established protocols, and the RNA was detected using the −6000 to −5630 bp sequence labeled with the PCR DIG Probe synthesis kit (Roche).
ChIP. ChIP was carried out after formaldehyde cross-linking as described in ref. 43 and is detailed in SI Experimental Procedures. Immunoprecipitation and input levels were measured by real-time qPCR using standard curves comprised of sonicated genomic DNA, as above.
Chromatin Conformation Capture Assay. The chromatin conformation capture (3C) assays were carried out as detailed in SI Experimental Procedures on serum-starved αT3-1 cells, some of which were exposed to GnRH for 2 h. All amplicons were verified by sequencing. Levels were quantitated according to standard curves using the same chimeric fragment that had been cloned, and averages were made after repeating (n-value) both rounds of the PCR.
Identification of Methylated DNA by Bisulfite Sequencing. Bisulfite conversion was using the EZ-DNA methylation Gold kit (Zymo), and fragments were amplified and sequenced. Primers are listed in Table S2 . All amplicons were cloned and sequenced.
